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Abstract

Because of its occurrence in components designed for operation in space, RF

voltage breakdown has attracted considerable interest in recent years. Extensive
studies have been made of RF voltage breakdown in the coaxial transmission line

geometry; the results are summarized in this report. Using the principle of simi-
larity and a minimum of experimental data, universal curves are constructed

covering a wide range of experimental parameters. These data are sufficient to
determine the power handling capability of any coaxial transmission lines likely

to be encountered by a spacecraft design engineer.
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Final Report on RF Voltage Breakdown in

Coaxial Transmission Lines

I. Introduction

The subject of voltage breakdown has gained consid-
erable interest in recent years because of its occurrence

in components designed for operation in space (Refs. 1-5).

For spacecraft components such as transmission lines and
antennas, voltage breakdown results in a disruption or
loss of communications. Permanent damage to the com-

ponents may also result. In the Ranger program, voltage
breakdown problems developed in the transmitting sys-
tem which had a transmitting power of 60 W at a fre-

quency of 960 MHz (Refs. 1-3_. Therefore, a research

study was undertaken at the jet Propulsion Laboratory
to investigate voltage breakdown in the coaxial trans-

mission line geometry. This particular geometry was
selected for study not only because of the Ranger prob-

lems but also its common use in many RF systems. This

report reviews and summarizes the results of this study.

II. Background

In its normal state, a gas is almost a perfect insulator.

If a voltage is applied to a pair of electrodes and gradu-

ally increased, a point will be reached at which the inter-
mediary gas will conduct. The result is a short-circuit
condition. The transition from insulating to conducting

state is called electrical or voltage breakdown and rep-

,IPL TECHNICAL REPORT 32-1500

resents a subject that has been widely studied (Ref. 6). It
ig obvious that both RF and dc voltages can cause break-

dow:a. This report concerns only RF voltage breakdown.

Voltage breakdown occurs when the generation of
electrons exceeds the removal of electrons from the inter-

mediary gas. In the case of RF voltage breakdown, the
two main electron generation mechanisms are: ionization

of the gas by electron collision, and secondary electron
emission from the electrodes. Removal mechanisms in-

clude diffusion, drift, recombination, and attachment.

These various electron production and loss mechanisms
are discussed in Refs. 7 and 8. At pressures sufficiently

low that the electron mean free path is longer than the

electrode separation distance, the primary electron gen-
eration mechanism is secondary emission. This particular

breakdown phenomenon is known as multipacting (Refs. 9

and 10), and generally occurs at pressures lower than
10 : torr; the exact pressures below which multipaeting
occurs for wtrious cases will be given later in this report.

Multipacting breakdown is also discussed in Section III.
At higher pressures, when the electron mean free path
becomes shorter than the electrode separation distance,

ionization by electron collision is the dominant electron

production mechanism. For this reason, this type of break-
do,vn will be termed ionization breakdown. Ionization

breakdown is discussed in Section IV.
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In prel, aring this document, a limited amount of back-

ground information on the breakdown phenomena is
supplied to enable the reader to use the results intelli-

gently. For the benefit of those seeking a more thorough
understanding and a more complete survey of the field,
two excellent accounts of RF or high-frequency voltage

breakdown are given by Brown (Ref. 11) and Francis

(Ref. 12). Reference 12 is especially useful because it
contains a bibliography covering most work performed

prior to the late fifties. More recently, MacDonald
(Ref. 13) has written a book covering ionization break-

down with an emphasis on microwave frequencies and

excluding multipacting. Because of the differences in the
mechanisms involved, breakdown occurs more easily for
RF than dc. An excellent discussion and comparison of

dc and RF breakdown is given in Refs. 14 and 15.

IIh Multipacting Breakdown

A. Description of Multipacting Mechanism

Multipacting breakdown is a secondary electron reso-
nance breakdown (Refs. 7-12). It has occurred not only

in RF components designed for operation in space, but in
klystrons (Ref. 16), cyclotrons, and accelerators (Ref. 17)
as well. On the constructive side, some multipacting de-

vices have been built for practical appl.ications (Ref. 18).

In multipacting breakdown, the pressure is sufficiently
low so that the mean free path is longer than the elec-

trode separation distar.ce. Thus, electrons can readily
travel between the electrodes without undergoing colli-

sions with the gas molect, les. When these electrons
collie- with the electrodes, the_ release secondary elec-

trons provided that the primary electrons possess suffi-

cient energy and that the electrode surfaces have a

secondary emission coefficient greater than one. If this
occurs as the electric field passes through zero, the re-
versed electric field will accelerate the electrons back

across the gap. If the transit time of the electrons across

the gap is one half cycle of the RF field, the secondary

electrons formed by the initial electrons become pri-

mary electrons for the next half cycle to form another

group of secondary electrons. In this way, large electron
densities rapidly build up in the gap and breakdown
results. It is clear that were the transit time of the elec-

trons an odd integral multiple of one-half cycle, multi-

patting would also occur. These are referred to as the
higher order multipacting modes (Ref. 10). The field

configuration described is the simplest one that produces

multipacting. Multipacting can also occur when de or

magnetic fields are superimposed (Ref. 12). The addition

2

of a dc field, electric or magnetic, could give rise to the

one-sided multipacting modes (Refs. 19 and 20). Such

modes correspond to the case where secondary electrons
are emitted from one electrode only.

A few important properties of multipacting should be

pointed out. First of all, ",nultipacting relies only on
secondary electron emission from the electrodes. Thus, it

is not dependent o_ the type of gas in which the break-

down takes place. Secondly, it should be clear from the
breakdown mechanism that multipacting is independent

of pressure. The only requirement on pressure is that it
be sufficiently low so that the mean free path will be

longer than the electrode separation distance. Multi-

pacting is, therefcre, one of the simplest breakdown
mecbanisms.

B. Scaling Relations for Multipacting

In order to pr,__dict multipacting, the electron trajectories
must be knowa. Moreover, they must be appropriately

related to the boundary conditions at the electrodes.

Since electron trajectory solutions can readily be obtained

for the paralle'_ plaices geometry, most multipactin_', studies
have been restricted to that geometry (Refs. 1J_, 12, 19,

21, and 23). For electrode configurations where the fields
are non-uniform, such as the coaxial transm;ssion line,

closed-form solutions of the electron trajectories are diffi-

cult, if not impossible, tc obtain. Therefore, prediction

of multipacting for such _:eometries becomes very diffi-

cult (Ref. 22).

To overcome tl ese difficulties, it was decided to

employ an approach totally different from conventional
methods. Rather than solve the electron trajectories, the

question was asked whether some scaling relations could
be established for multipacting. In other words, under

what conditions would multipacting data obtained for

one set of experimental parameters apply to another set

of experimental parameters. By studying the dimension-
less Lorentz force equation which specifies the electron

motion in the presence of electric and magnetic fields,

scaling relations for multipacting were derived. One of

the more important scaling results is the fact that break-

down voltage is invariant for a constant value of _d (_ is

frequency and d is the separation distance between inner
and outer conductors), provided the characteristic imped-

ance Z, is unchanged. This mea:_s that if the size of a
transmission line is doubled and the frequency halved,

the voltage at which breakdown occurs remains the same.
Reference 22 provides details of the derivation of this

and other sc,_.ling results.

:gL TECHNICAL REPORT 32.1500
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The advantages in scaling la,_'s are as follows: (1) the

scope of an experimental investigation could be signifi-

cantly reduced, (2) universal curves for predicting multi-

pacting over a wide range of experimental parameters
could be constructed, and (3) if the computer is employed

to calculate electron trajectories, similar solutions need

be obtained only once.

C Coaxial 53-_ Transmission Lines

Shown in Fig. 1 are various sets of experimental data

for the 50 f_ coaxial line geometry. In this case, the ratio

b/a (b and a are the radii of the m,ter and inner con-

ductors, respectively) is 2.3. Data were obtained in a

frequency range of 10-150 MHz, where lumped circuit
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components were used (Ref. 20), and in the frequency
ranges of 150-800 and 1700-2400 MHz, where a coaxial
transmission line system was employed (Ref. 24). Break-

down voltage is plotted as a function of the, similarity

parameter fd. Multipacting occurs at pcints within the

region bounded by the data points. According to the scal-
ing relations, these data should form one universal cu:ve

for multipacting. The experimental data confirm this fact

except ,tor the boundary BC which decreases slightly with
decreasing d. A discussion of this point is provided in

Refs. 20 and 24.

The presence of higher order modes is indicated by
the discontinuity of AB for large values of _d (Refs. 10

and 20). The ordinate of Fig. 1 is alternately g_ven in

terms of power. It must be emphasized that this conver-
sion is made on the basis that no mismatches are present

in the line. If the line is not perfectly matched, the

breakdown power levels must be derated accordingly.

To determine the multipacting hreakdown levels of a

given coaxial line, the following procedure is employed:
from the frequency and line size, the respective fd value
is calculated. A vertical line is then drawn for this value of

Jd in Fig. 1. This vertical line intersects the lower and
upper multipacting boundaries. The lower boundary rep-
resents the minimum voltage while the upper boundary

is the maximum voltage at which multipacting occurs. A

qualitative explanation for this behavior can be stated.
At voltages lower than the minimum and higher than the
maximum, the electrons travel too slow and too fast, re-

spectively, and cannot maintain proper phase relations
with the RF field to produce multipacting. Similar argu-

ments can be used to explain the finite range of fd for

which multipacting occurs. Note that multipacting will
not occur for values of _d lower than 70 MHz-cm; this

represents the cutoff situation.

When using Fig. 1, one very important characteristic

pertaining to the lower curve AB must be noted. The
boundary AB represents the t_ "eshold conditions for

multipacting. However, boundary AB shifts to higher
voltages with the occurrence of multipacting and the

consequent outgassing of the e_ectrodes (Fig. 2). This
means that if the multipacting discharge is allowed to

continue for a short time, it could eventually raise the

voltage required for hreakdown sufficiently high to ex-

tinguish the discharge. This property has been used to

advantage in linear accelerators (Ref. 17). In the case of
the coaxial transmission lines, however, a brief break-

down still corresponds to an interruption in communica-

JPL TECHNICAL REPORT 32.1500

tions. Furthermore, if the transmission line is not properly

vented so as to handle the outgassing load, pressure may

build up inside the transmission line. If this were to hap-

pen, ionization (higher pressure_ breakdo_,a could take
over and permanent damage to the !ine could be sus-

ta _Jed (Ref. 5). Thus, the threshold values for multipact-

ing shoul3 be used when clesigning breakdown-free lines.

D. Higher Impedance Coaxial Transmiss|on Lines

Two factors n_otiwlted the investigat;-on of higher-

impedance coaxial transmission liues. First of all, there
was a need to determine whether higher-impedance lines

represented any advantage in terms of power-handling

capability. Secondly, because of the increase in non-
uniformity of the field configuration, higher-impedance
lines offered a more rigorous test for the scaling relations.

Shov.,_l in Fig. 2 are the data for various cases of b/a

and corresponding characteristic impedance Zo. Again,
the ordinate is alternately given in terms of power for

each case of Z_. It is seen that an increase in Zo does not

always result in an improvement in power handling

capability. Therefore, increasing the impedance is not
necessarily advc, ntageou, and Fig. 2 should be used to

check each situation of interest.

According to the scaling laws, each set of data for a

given value of Zo is a universal curve for that particular
value of Zo. Figure 3 shows a check of these scaling

relations for b/a = 9.13. As in the 50 _ coaxial line, the

correspondence is very good except for the boundary 13C

which again decreases with decreasing d.

E. Magnetic Fields and DC

When magnetic fields are present, scaling laws can be

derived (Ref. 22). Experimental studies of multipacting

in a magnetic field have been very. limited (Ref. 22). Con-

sequently, these scaling relations have not been verified.

The simultaneous application of dc and RF voltages

to the coaxial electrodes is of interest since the dc bias

serves as a potential means of eliminating or preventing

multipacting. Scaling relations have been derived and

e:_perimentally verified for such configurations; Refs. 20
and 22 provide detailed explanations. A typical set of
ex,_erimental data is shown in Fig. 4. The reason for

presenting these data is to indicate that although adc
hias can he used to prevent multipacting it would have

to he fairly high. In many cases, therefore, this method
would be undesirable.
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F. Uniform Fields

Multipacting dat_ were also obtained for the parallel

plates geometry and are shown in Fig. 5. In this case,

d represents the separation distance between the parallel

plates. The availability of higher RF voltages resulted in
additional data points than were previously available

(Ref. 10). The data in Fig. 5 are very similar to those
in Fig. 1. This is to be expected since the fields for
50 _q coaxial transmission lines are not significantly dif-

ferent from uniform fields. The electron trajectories are
also similar. This fact was demonstrated in a computer

study of the electron trajectories (Ref. 25); it should be
mentioned that in this computer study, the scaling laws

were utilized. As a result, only a small number of solu-

tions were needed to cover the entire breakdown region.

IV. Ionization Breakdown

Ionization breakdown occurs at pressures higher than

,'hose for multipacting. This high-pressure RF breakdown

must be considered for two types of missions. One type
is where there is a requirement to turn on the high-power

RF prior to launch and leave it on during ascent through
the earth's atmosphere. Mariners VI and VII had this

power turnon requirement. Some voltage breakdown

problems were encountered in these missions and are
discussed in Section IV-D. Another type of mission is

the lander mission involving a planet whose surface pres-

sure is in the pressure range of ionization breakdown. An

example of this is the Viking project which will place a
lander on the surface of Mars. The pressure on the sur-

face of Mars is several tort. For missions involving hard-

vacuum pressures, ionization breakdown could still occur
if the transmission line is not properly vented or if sig-

nificant outgassing exists in the breakdown region.

Ionization breakdown is considerably more complex

than multipacting. In ionization breakdown, electrons are

produced through collisions between electrons and gas
molecules. There_ore, ionization breakdown is dependent

not only on pressure but on the type of gas as well.

Depending on the range of the experimental parameters,
different breakdown mechanisms are involved. Studies

have been made of ionization breakdown in the coaxial

line geometry, but these have generally been restricted
in terms of experimental parameters and breakdown

processes (Refs. 12, 26, and 27). Moreover, these break-
down data have been displayed in complex schemes

difficult to apply in practice. The motivation for the

JPL TECHNICAL REPORT 32-I$00

studies on ionization breakdown in coaxial lines was,

therefore, twofold. First, there was a lack of experi-
mental data covering a wide range of experimental

parameters. Second, there was a need to display these
data in a scheme that would be practical and easily

applied by a design engineer.

A. Coaxial 50-_ Transmission Lines

The experimental data obtained for the 50-fz coaxial

transmission line (Ref. 28) is summarized in Fig. 6. Here,

p is pressure and, as before, )¢ and d are frequency and
inner-to-outer conductor distance, respectively. It must

be emphasized that ionization breakdown is dependent
on the type of gas and that the ionization breakdown

data in Fig. 6 are for air only. Brown and MacDonald

(Ref. 29) showed that similarity parameters for RF volt-

age breakdown can be determined from dimensional

analysis. The similarity parameters in Fig. 6 are, however,
different from those used by Brown and MacDonald and

have been selected for practical reasons. If one is inter-
ested in the breakdown behavior of a given coaxial line

operating at a particular frequency, he merely computes
the corresponding [d. By referring to Fig. 6, he not only
has breakdown power as a function of pressure, but also
information on the effects of changing either frequency

or line size.

The fd-p/f plane shown in Fig. 7 is very helpful in

identifying the breakdown processes involved in the data
contained in Fig. 6. The limits are similar to those dis-

cussed by Brown and MacDonald (Ref. 29). Although

they are in the form of lines, they are meant to indicate
transition rather than abrupt change. The mean free path

limit represents the condition that the electron mean free

path is equal to d. The mean free path limit, therefore,
separates the ionization and multipacting breakdown

regions. Multipacting occurs when p/f is less than this
limit while ionization breakdown occurs when p/f is

greater. Thu,, Fig. 6 includes multipacting as well as
ionization breakdown data.

As discussed in Section III-C, multipacting will not

exist for fd lower than 70 MHz-cm. The multipacting
cut-off limit indicates this cutoff condition. It should be

pointed out that the multipacting data in Fig. O corre-

sponds to the lower boundary of Fig. 1. The upper
boundary, above which multipacting will not occur, is not
shown in Fig. 6. Notice that, as discussed earlier, the

multipacting data in Fig. 6 are independent of pressure.
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When discussing ionization breakdown, it is convenient

to use the two ranges of/d presented below.

1. The fd ,'> 100 MHz-cm range. Under these condi-

tions, frequency is sufficiently high and the inner-to-outer

conductor distance sufficiently long that the electrons are

not swept out of the discharge region by the field as, for

instance, in the case of dc breakdown. Instead, the elec-

trons are concentrated in the center of the ,Jischarge

region and slowly diffuse away towards the conductors.

The speeds are so low that the electrons produce essen-

tially no secondary effects at the electrode surfaces.

Breakdown of this type is termed diffusion-controlled or

microwave breakdown (Refs. 11-13).

The minima of the diffusion-controlled curves occur at

approximately p/f = 10 -_ torr/MHz. This is equivalent

to saying that each minimum occurs at a pressure given

in microns (1 micron = 10 -_ torr) equal to the frequency

given in MHz. For example, the minimurn for the fre-

quency 2000 MIIz occurs at 2000 microns or 2 torr. The

p//= 10 -a torr/MHz line is called the collision-frequency

transition. At the collision-frequency transition the at,-

plied frequency and the electron-molecule collision fre-

quency are approximately equal, and energy transfer to

the electrons from the field is at a maximum. If pressure

is increased, the electron-molecule collision frequency

increases, the energy gained by electrons from the field

per mean free path decreases and the breakdown level

ELECTRON

OSCILLATION

AMPLITUDE LIMIT

MEAN FREE PATH LIMIT

COLLISION FREQUENCY TRANSITION

12

Fig. 8. Three-dimenslonal surface representing RF breakdown in 5G._ coaxial transmission lines
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increases correspondingly. In a pedeet vacuum, the elec-

trons oscillate with their velocity 90 deg out of phase
with the RF field and no energy is gained by the elec-

trons from the field. The electrons gain energy from the

field only by undergoing collisions with the gas mole-

cules. A decrease in pressure from the collision frequency

transition corresponds to an increase in loss of energy
transfec from the field to the electrons. Breakdown

power, therefore, rises with decreasing pressure.

2. The fd < I00 Mllz-cra range, When the applied

frequency is sufficiently low or the d is sufficiently short,
the amplitude of oscillation of the electron cloud ap-

proaches d and the inner and outer conductors enter the

breakdown picture. This situation occurs when fd is less
than 100 MHz-cm. Under such conditions, the loss of

electrons is governed by mobility; Brown (Ref. 11) has

termed this type of breakdown mobility-controlled break-
down. It must be emphasized that" the transition from

diffusion-controlled to mobility-controlled breakdown is

gradual and occurs at approximately 100 MHz-cm. The

oscillation-amplitude limit corresponds to the condition

for which the amplitude of oscillation of the electron

10 3

o_

Z 102

v

NOT FILMED

cloud is equal to d. At this limit, electrons are lost to the
inner and outer conductors and the power required for

breakdown rises rapidly. This behavior is illustrated in

the data for fd equal to 50 and 20 MHz-cm in Fig. 6.
As an aid in visualizing the universal curves in Fig. 6, a

three-dimensional surface representing breakdown may

be constructed by combining Figs. 6 and 7. The resulting

three-dimensional representation is shown in Fig. 8.

Shown in Fig. 9 are typical experimental data used to

construct Fig. 6. For each value of fd there are two sets
of data taken at two frequencies. These two frequencies

differ by as much as seven to one, and it is seen that the

scaling correspondence is remarkably good. There is a

spread in the results for fd = 100 MHz-cm at the lower
values of p/f. This is not surprising since this is a region
of several transitions and breakdown is somewhat depen-

dent on surface conditions.

The minimum power handling capability is of particu-
lar interest. Shown in Fig. 10 is the minima for ionization

breakdown as a function of ]_d for fd > 100 MHz. The

multipacting data are also included for comparison.

.... ! i_ L i* k

//

_r
¢

10 i
,0 102 103 104

M, MHz-cm

Fig. 10. Minimum power handling capability _n terms of fd, Zo = 50 _z
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When fd is less than 145 MHz-em, the ionization break-

down power level is higher than the multipacting powex
level whereas the reverse is true when fd is greater than

145 MHz-cm.

The scheme used in Fig. 6 to depict breakdown data

for the 50-f_ coaxial line may be used for higher imped-

ance coaxial lines. It may also be used to represent break-

down in gases other than air. The results of these cases

are given in the following sections.

g. Higher Impedance Coaxial Transmission Lines

Shown in Figs. 11 and 12 are the universal curves ob-
tained for two cases of Zo higher than 50 f_: 74 and 91 fL

As would be expected, the curves are similar to those for
the 50-fl line. The multipacting-to-ionization transition as

well as the oscillation amplitude limit characteristics are
evident in the data. The multipacting results were dis-

cussed in Section III-D and will not be repeated here.

For convenience of comparison, the minimum power

handling figures for ionization breakdown are listed in
Table 1. As can be seen, the minimum breakdown volt-

age increases as the characteristic impedance is increased

for a given value of fd. This can be explained by the fact
that as b/a is increased, the fields become more non-
uniform so that electron loss by diffusion out of the

Table I. Minimum breakdown voltage and power for

ionization breakdown for varying Zo

llreakdov_ Breakdown

fd, MHz-cm voltage, V power, W

4OO

400

4OO

200

2OO

2OO

100

IOO

100

55

55

55

Zo,_

6O 72.11

74 8O

91 98

5O 53.5

74 66.6

91 72.6

5O 49

74 57.6

91 72.9

50 _7.5

74 111.5

91 90

106

86.5

105.3

58

6O

511

48

45

6O

66

91.5

92

16

breakdown area is also higher. In order to make up for

this loss, the voltage must be increased. Even though

breakdown voltage increases with impedance, it is im-

portant to note that this does not always result in an
increase in breakdown power. There is appreciable

improvement in power handling capability for smaller
values of fd; e.g., fd - 55 MHz-cm. These smaller values

of fd are in the oscillation amplitude limit region. An in-
crease in electron diffusion loss due to the non-uniformity

of the fields may be regarded as equivalent to a shorten-

ing of d. Since along the oscillation amplitude limit there
is a rise in breakdown power as fd decreases (Fig. 6),

improvement in power handling capability for higher

impedances would be expected. Unfortunately, for S-band

frequencies, fd is generally greater than 100 MHz-cm.
For these cases, there is little, if any, improvement in

higher impedances. It can therefore be concluded that

for most cases, a higher characteristic impedance eo8-Tial
transmission line offers no significant advantages in terms

of ionization breakdown.

It is interesting to compare the breakdown data ob-
tained for the 50-f_ ease with that obtained for higher

impedances over the entire range of p/f. These data are

shown in Figs. 13-15. It is seen that there is a crossover

point in each case. For pressures greater than the cross-

over point, less power is required for breakdown in the
higher impedance case. The reverse is true for pressures
less than the crossover point. This behavior can be

simply explained in terms of the breakdown mechanisms
i_wolved.

Above the crossover point, pressure is high enough

that breakdown activity is confined to the r egion around
the center conductor. This is confirmed visually by the

extent of the breakdown glow in the experiments con-

ducted. For this case then, breakdown is dependent on

the magnitude of the electric field in the area of the
center conductor. Since this field increases with in-

creasing impedance, breakdown occurs more easily in

the higher impedance cases. For pressures lower than the

cross,,wer point, breakdown spreads to the outer con-
ductor. Under these circumstances, an increase in the

non-uniformi_ of the fields results in an increase in elec-
tron loss due to diffusion to the conductor walls. In order

to overcome this loss, breakdown power increases. There-

fore, ureakdown power is higher for higher impedances.

These facts are import,,nt if the transmission line must

operate in a specific prer.sure range. Depending on the

pressure range, a higher hnpedance may or may not be
beneficial.

JPL TECHNICAL REPORT 32.1500
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Fig. 13. Breakdown power vs p/f for fd -- 400 MHz-cm, Z0 = 50 and 91
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C. Gases Other than Air

As indicated previously, ionization breakdown is de-

pendent on type of gas. Breakdown in gases such as
carbon dioxide and argon are of special interest since

these gases are present in planetary atmospheres; e.g.,
Mars. As in the case of air, there have been investiga-

tions of BF breakdown in argon (Refs. 13 and 30) but
these have been restricted in range of experimental

parameters. No RF breakdown data for carbon dioxide

appear available for the coaxial line geometry.

The experimental setups used were similar to those
used in the experiments for air (Ref. 28). The carbon

dioxide and argon gases had a purity level of 99.99%.

The vacuum system was evacuated to a pressure level
less than 10 -s tort before the carbon dioxide or argon

gas was admitted. Each breakdown was conducted with
a fresh sample of gas. In order to measure pressure, a

Granville-Phillips capacitance manometer was used. The

capacitance manometer was calibrated and periodically

checked against a McLeod gauge.

The data for carbon dioxide are shown in Fig. 16 while

argon data are shown in Fig. 17. Breakdown levels for
mixtures of argon and carbon dioxide lie between the

curves for 100% argon and 100% carbon dioxide. Shown

in Fig. 18 is the minimum power handling capability as
a function of fd ()+d > 100 MHz-cm) for air, argon, and
carbon dioxide. As can be seen, breakdown in carbon

dioxide is 12-18% lower than that of air while break-

down in argon is 45--60% lower. It should be pointed

out that the expected concentration of argon in the

o_

%
£
Z
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ua

\ •

I _ ........... 2. ...... : ..... J

22

I0

i0 "l 10-3 10 -2 i0 "1

tw'f, I_r/MHz

Fig. 16. Imakdown in carbon dioxide, Z_ = 50 _1
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Martian atmosphere is small so that fl_e 100% argon data

should only be regarded as extreme values. Figs. 16 and
17 are for Zo -- 50 ft. Experiments were also run for

Zo -- 91 _2 and the results are shown in Figs. 19 and 20.

range of experimental parameters in Fig. 21 is extensive.
In comparison, ld varies from 20-2630 MHz-cm and

breakdown voltages did not exceed a few hundred volts

in the coaxial geometry.

D. Uniform Fields

Many studies have been made of ionization breakdown
in uniform fields in air (Refs. 11-13). Some nomographs

(Refs. 27 and 31) exist, but these cover limited experi-
mental ranges and a complex computation procedure
must be used. The scheme used in Fig. 8 may also be

used for the uniform fields data.

The results for the uniform field geometry, are shown

in Fig. 9.1. Both multipacting and ionization breakdown
data are included. For the uniform fields geometry, d

represents the gap distance. The solid curves represent
data obtained experimentally while the dotted curves

extrapolated data. For the fd range o} 90--250 MHz-cm,
the experimental set described in Ref. 20 was used. For

other values of fd, existing data summarized in Table 9.

(Refs. 32--,34) were usecl. The extrapolated curves were
drawn using the results in fief. 27 as a guide. It must be

emphasized that Gould's results (Ref. 27) were computed
and that they have not been verified experimentally. The

fd, MHz-cm

38O95

18900

11812

4706

3071

1966

994

491

250

100

50

2O

10

Table 2. Experimental data

f, MHz d, cms

9400 4.05

9400 2.01

9400 1.26

992 4.74

9400 0.327

992 1.98

3125 0.318

3125 0.157

66.75 3.75

66.75 1.5

66.75 0.75

66.75 0.3

200 0.05

lxperiment_r

McDonald, Geskeii, and

Gitterman (Ref. 32)

Hedln and grown

(Ref. 33)

Woo

Pim (Ref. 34)
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As mentioned in Section IV-A, voltage breakdown

problems were encountered in Mariners VI and VII.
During ascent through the earth's atmosphere, both
Mariners VI and VII experienced anomalous drops in

signal transmission (Ref. 35). These anomalies disap-

peared as both spacecraft left the earth's atmosphere. It
is suspected that ionization breakdown occurred in the
RF switches and disappeared as the ambient pressure

decreased. Fortunately, the RF power was relatively low

(20 W) and the switches sustained no permanent damage.
Serious damage would have resulted had the power been

higher. Faih,.res of the RF switches have shown up again
in environmental tests for Mariner 71.* Tile usefulness of

*Private communication with Robert Hughes, Jet Propulsion Labo-

ratorT, Telecommunications Division, Pasadena, Calif.

the type of data displayed in Fig. 21 was demonstrated
in alleviating these problems. Using Fig. 21 as a guide,
the switches were redesigned so that gap spaces within the

range where breakdown could occur were excluded.

Atmospheric pressure is included in Fig. 21. This infor-

mation is particularly useful when determining, for in-

stance, the power limitations of the RF system at the

Goldstone Space Communication Station. However, R

should be pointed out that for many microwave compo-

nents operating at atmospheric pressure, mechanical
failure (such as melting) occurs at lower levels of RF

power than voltage breakdown.

When breakdown is high._r than 10_ V the curves in

Fig. 21 may still be used. For these cases, breakdown

>

O

o;
Z

<

[ " :i _if :i! !_

i ...... L " :t- -"• ,- ,":! .;:: ..... t. ,.

HiiL _I,:
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conditions are governed by attachment and breakdown

voltage is simply proportional to pressure. Thus the
curves can be extended by straight lines possessing a

slope of 1.

Shown in Fig. 22 is the minimum ionization breakdown

voltage as a function of fd, for fd values greater than
100 MHz-cm. Note from Fig. 5 that for [d = 100 MI-iz-cm,

the voltage required for multipacting is lower than that
for ionization breakdown.

V. Breakdown Prevention

Various techniques are available for preventing break-

down or improving power handling in RF coaxial trans-
mission lines. It must be emphasized, however, that these

techniques were not investigated in this study. The pur-

pose of this section is merely to list the existing methods
and offer some brief comments.

A. Configuration Change

Using the universal curves obtained in this report as a

guide, frequency, line size, or characteristic impedance

may be altered to improve power handling.

B. Use of Solid Dielectrics

A solid dielectric, such as Teflon, may be used to fill

the interconductor air space either partially or com-

pletely. In the former case, a reduced air space could

raise the power required for breakdown. In the latter
case, dielectric failure is the limiting factor for power han-

dling. Dielectric failure generally occurs at power levels

considerably higher than those required for breakdown
as discussed in this report. Therefore, filling the inter-

conducter air space with a solid dielectric represents a
sure way of preventing breakdown. The only disadvan-

tage in this method is the high RF loss that results for

high frequencies. Foam dielectrics do not appear desir-
able because of the existence of air cells (Ref. 3).

C. Pressurization

Appreciable improvement in power handling results
from pressurizatior. The disadvantage in this method is

the problem of reliability associated with long-term

pressurization.

D. DC Bias

A dc bias can be applied across the inner and outer
conductors. In many cases, the de bias required may be

fairly high.

E. Sudace Treatment to Reduce Secondary Emission

This method applies to multipacting only. The idea is
to reduce the secondary emission 8 to less than unity so

that multipacting will not occur. Deposition of titanium

(Ref. 36) and carbon (Ref. 37) have both been investi-

gated. Titanium has been used with some success in

preventing multipacting in klystrons (Ref. 38). For com-
ponents that are exposed to air, such as transmission
lines, oxides of titanium are formed and the secondary
emission 8 increases above unity. Deposition of a thin

carbon film does not reduc_ 8 significantly below unity

(Ref. 37). Thus, both types of sudaee treatment will not
eliminate mnltipaeting in coaxial transmission lines.

Vl. Conclusions

Voltage breakdown in the RF coaxial transmission line
has been studied in detail. The principle behind this

investigation is similarity ¢r scaling. The advantage of

scaling is significant, since it allows universal curves to
be constructed from a minimum of experimental data.

These universal curves are simple to use and cover a

wide range of experimental parameters. It is felt that
these data are sufficient to determine the power han-

dling capability of any coaxial transmission line likely to
be encountered by a spacecraft design engineer. Although

the data in this report are restricted to uniform and co-

axial fields, they may be used to estimate breakdown

levels in other configurations as well.
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